The Drosophila male-specific lethal (MSL) dosage compensation complex increases transcript levels on the single male X chromosome to equal the transcript levels in XX females. However, it is not known how the MSL complex is linked to its DNA recognition elements, the critical first step in dosage compensation. Here, we demonstrate that a previously uncharacterized zinc finger protein, CLAMP (chromatin-linked adaptor for MSL proteins), functions as the first link between the MSL complex and the X chromosome. CLAMP directly binds to the MSL complex DNA recognition elements and is required for the recruitment of the MSL complex. The discovery of CLAMP identifies a key factor required for the chromosome-specific targeting of dosage compensation, providing new insights into how subnuclear domains of coordinate gene regulation are formed within metazoan genomes.
The Drosophila male-specific lethal (MSL) dosage compensation complex increases transcript levels on the single male X chromosome to equal the transcript levels in XX females. However, it is not known how the MSL complex is linked to its DNA recognition elements, the critical first step in dosage compensation. Here, we demonstrate that a previously uncharacterized zinc finger protein, CLAMP (chromatin-linked adaptor for MSL proteins), functions as the first link between the MSL complex and the X chromosome. CLAMP directly binds to the MSL complex DNA recognition elements and is required for the recruitment of the MSL complex. The discovery of CLAMP identifies a key factor required for the chromosome-specific targeting of dosage compensation, providing new insights into how subnuclear domains of coordinate gene regulation are formed within metazoan genomes.
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Received January 28, 2013; revised version accepted June 12, 2013. Diverse mechanisms have evolved to correct for dosage imbalances between genes on the X chromosomes and autosomes in mammals, Caenorhabditis elegans, and Drosophila (Gelbart and Kuroda 2009) . In mammals, dosage compensation involves inactivation of one of the two X chromosomes in females (Nguyen and Disteche 2006; Payer and Lee 2008; Meyer 2010) . In C. elegans, gene expression along each of the two hermaphroditic X chromosomes is reduced (Meyer 2010) . In Drosophila, dosage compensation increases the transcript levels from most active genes along the length of the single male X chromosome by at most twofold to equal expression from the two female X chromosomes (Belote and Lucchesi 1980; Hamada et al. 2005; Larschan et al. 2007) . A unifying feature of these dosage compensation mechanisms is that they all involve distinguishing the X chromosome from autosomes to coordinately regulate a large number of genes-a process that remains poorly understood.
The key regulator of dosage compensation in Drosophila is the male-specific lethal (MSL) complex, which is expressed specifically in males and distinguishes the X chromosome from the autosomes (Belote and Lucchesi 1980; Gelbart and Kuroda 2009) . It has been hypothesized that the MSL complex identifies its X-chromosome target genes in a three-stage process. First, the MSL complex recognizes the sites of transcription of its roX1 and roX2 long noncoding RNA components, which are encoded on the X chromosome, and cotranscriptionally incorporates them (Kelley et al. 1999 (Kelley et al. , 2008 . Second, the MSL complex recognizes 150-300 additional genomic loci distributed across the X chromosome, called ''chromatin entry sites'' (CESs). CESs were defined by their high levels of MSL complex occupancy and retention of the core MSL components in the absence of MSL3 (Kelley et al. 1999; Alekseyenko et al. 2008) . Most CESs contain one or multiple 21-base-pair (bp) GA-rich cis-acting DNA sequences called MSL recognition elements (MREs) that are required for MSL complex recruitment, but there are no known sequencespecific contacts between the MSL complex and MREs (Alekseyenko et al. 2008; Straub et al. 2008; Fauth et al. 2010) . Third, the MSL complex spreads from CESs to the bodies of active genes on the X chromosome by recognizing histone modifications associated with transcriptional activation, including trimethylation of H3K36 (H3K36me3) (Larschan et al. 2007; Bell et al. 2008) . Once active genes are recognized, their transcript levels are increased by the MSL complex (Hamada et al. 2005; Larschan et al. 2011) .
While both the roX noncoding RNAs and MREs contribute to the recognition of the male X chromosome, they are individually insufficient to generate X-chromosome specificity (Meller and Rattner 2002; Park et al. 2002; Alekseyenko et al. 2008; Straub et al. 2008) . Therefore, we hypothesized that additional factors are required to tether and enrich the MSL complex at its target sites on the male X chromosome. Thus, we performed a cell-based genomewide RNAi screen, allowing for the possibility that MSL regulators might have genome-wide roles in both males and females in addition to X-specific roles in males ) that would not have been recovered from the powerful MSL screens that identified all of the MSL complex components (Belote and Lucchesi 1980) . Such non-sex-specific regulators provide a key opportunity to understand the first steps in X identification, including recognition of highly conserved MREs within CESs ).
To define new regulators of MSL complex targeting or function, our genome-wide RNAi screen identified proteins that specifically modulate the activity of a luciferase reporter gene fused to the CESs adjacent to roX2 . Among many other candidate-positive regulators, we identified the conserved non-sex-specific CG1832 protein that has a glutamine-rich N terminus and a C-terminal domain containing seven C2H2 zinc fingers . We found that CG1832 is enriched at CESs and that CG1832 RNAi strongly reduces MSL complex recruitment at five CESs tested in male tissue culture cells . However, key questions remained: (1) Does CG1832 provide a direct link between the MSL complex and the X chromosome? (2) Does CG1832 regulate MSL complex recruitment to the entire X chromosome in flies? (3) Is CG1832 enriched on the X chromosome independent of the MSL complex to facilitate the discrimination of the X chromosome from autosomes?
Here, we named CG1832 CLAMP (chromatin-linked adaptor for MSL proteins). We identify CLAMP as the previously unknown link between the MSL complex and the X chromosome. First, we show that CLAMP directly recognizes MREs and is required for recruitment of the MSL complex to the entire X chromosome. Second, we demonstrate that CLAMP is enriched at key CESs independent of the MSL complex. Third, we show that the MSL complex and CLAMP have a synergistic occupancy relationship that increases the X enrichment of both factors at critical CESs such as those at the roX loci. Our results support a mechanism whereby the MSL complex uses the X-enriched CLAMP protein at CESs followed by further enrichment from synergistic interactions between the two factors.
Results and Discussion
CLAMP directly recognizes MREs to tether the MSL complex to the X chromosome To determine whether CLAMP and the MSL complex colocalize at CESs in vivo, we performed CLAMP chromatin immunoprecipitation (ChIP) sequencing (ChIP-seq) experiments in male SL2 cells and compared CLAMP occupancy profiles with available MSL complex occupancy profiles ( Fig. 1 ; Alekseyenko et al. 2008; Larschan et al. 2012) . We found CLAMP occupancy at many loci throughout the genome (X: 2695; autosomes: 10,009) and strong colocalization with MRE sequences (Fig. 1A,B ; Supplemental Fig. S1 ). Moreover, CLAMP and the MSL complex exhibit their highest occupancy levels when colocalized ( Fig. 1A; Supplemental Fig. S2A,B) . Nonoverlapping CLAMP occupancy sites occur at 59 ends of active genes on all chromosomes (Supplemental Fig. S2C ), and nonoverlapping MSL-binding sites are localized over the bodies of active X-linked genes (Supplemental Fig. S2B ). Furthermore, CLAMP sites occur precisely over MREs within CESs compared with the broader domains of MSL complex occupancy (Figs. 1A, B, 3A [below] ). Together, these patterns are consistent with a role for CLAMP in recruiting the MSL complex to CESs, followed by spreading of the MSL complex to the bodies of active genes and additional non-sex-specific roles for CLAMP at 59 ends of active genes.
Next, we used the MEME software package (Bailey et al. 2009 ) to generate a position weight matrix (PWM) representing the most enriched sequence within 500 regions surrounding CLAMP occupancy sites (2 kb each) at the 59 and 39 ends of genes genome-wide. All CLAMP localization motifs on the X chromosome and on autosomes shared an 8-bp GA-rich core region that is very similar to the previously identified MRE consensus sequence ( Fig. 2A) . Therefore, we hypothesized that CLAMP functions as an MRE recognition factor.
To test this hypothesis, we characterized the in vitro DNA-binding specificity of CLAMP. We used proteinbinding microarrays (PBMs) to assay CLAMP binding to all possible 10-bp sequences (Berger et al. 2006) . Each PBM is a dsDNA array that contains all possible 10-bp sequences embedded within variable flanking sequences. After testing the complete seven-finger CLAMP construct and many additional combinations of zinc fingers, we were able to express soluble protein for the C-terminal six-finger and four-finger zinc finger regions of CLAMP (see the Materials and Methods). The in vitro PBM analysis for these proteins yielded statistically significant Figure 1 . CLAMP localizes precisely at MREs at high levels when colocalized with the MSL complex. (A) Occupancy relationships calculated from input-normalized CLAMP ChIP-seq from male SL2 cells ) and previously defined CESs (Alekseyenko et al. 2008 ) (two biological replicates). MSL complex-binding sites ranked based on MSL complex occupancy from ChIP-seq read counts (X-axis; strongest on the left and weakest on the right) (Alekseyenko et al. 2008) . The Y-axis indicates the position relative to the center of the MSL complex sites. Each red dot represents the position of a CLAMP-binding site that is within 1 kb of an MSL complex-binding site. The intensity of the red color is proportional to CLAMP occupancy (see the Materials and Methods). The intensity of the blue color is proportional to similarity of the individual MRE sequence to the consensus sequence. (B) Examples of CLAMP and MSL complex occupancy at three CESs are shown from SL2 cells. Inputnormalized read counts are shown on a log scale for CLAMP and the MSL complex.
8-bp motifs with high PBM enrichment (E-score = 0.497; E-score = 0.498), in excellent agreement with the CLAMP in vivo binding-site motif and the previously defined MRE consensus (Fig. 2B) . Therefore, CLAMP binds directly to the MRE motif in vitro.
Next, we examined whether MREs are required for the recruitment of CLAMP in vivo in male and female larvae using available stocks with three intact or mutated MREs embedded within a minimal 150-bp fragment of CES5C2 inserted site specifically into an autosomal location (Alekseyenko et al. 2008 ; Supplemental Fig. S2D ). Occupancy of both the MSL complex and CLAMP is greater on the X chromosome compared with the autosomal insertion (Supplemental Fig. S2D ). The autosomal insertion with three intact MREs shows greater occupancy of CLAMP than that in which the 8-bp core of each of the three MREs is mutated. Therefore, MREs are required for CLAMP recruitment in both males and females, as expected for a non-sex-specific factor.
To determine whether enrichment at CESs is specific to CLAMP or is a common feature shared with other factors that can recognize MRE-like sequences, we examined a well-characterized Drosophila DNA-binding protein, the GAGA factor (GAF) . In contrast to CLAMP, which is strongly enriched at CESs, GAF occupancy was lower at CESs compared with other GAF-binding sites throughout the genome (Supplemental Fig. S2E,F) . These data suggest that CLAMP, but not GAF, directly recognizes MRE elements within CESs. In addition, CLAMP was recently shown to physically associate with the MSL complex on chromatin using an approach that combined ChIP with mass spectrometry (Wang et al. 2013) . Therefore, CLAMP directly recognizes MREs and physically associates with the MSL complex, providing the first link between the MSL complex and the X chromosome.
CLAMP is required for MSL complex recruitment to the male X chromosome in vivo
We previously demonstrated that CLAMP is required for recruitment of the MSL complex to five CESs in SL2 male tissue culture cells . To determine whether CLAMP is required for MSL complex recruitment to the entire X chromosome in flies, we used a publicly available RNAi transgenic Drosophila line to reduce CLAMP mRNA levels (http://www.flyrnai.org; see the Materials and Methods). Because CLAMP is highly expressed in all tissues, we expressed the RNAi construct ubiquitously (http://www.flybase.org; see the Materials and Methods). Although the CLAMP RNAi construct did not completely eliminate CLAMP mRNA levels (Supplemental Fig. S3A ), immunostaining of polytene chromosomes for CLAMP (Supplemental Fig. S3A,C) and CLAMP ChIP occupancy (Supplemental Fig. S3D,E) were strongly reduced. CLAMP RNAi causes a pupal lethal phenotype in both males and females .
Next, we used ChIP for the MSL2 core component to examine MSL complex recruitment to five CESs in the presence and absence of CLAMP RNAi treatment (Supplemental Fig. S3F ). Our results showed that CLAMP RNAi strongly reduced the occupancy of the MSL complex in male larvae (Supplemental Fig. S3F ). We measured H3 occupancy by ChIP to determine whether CLAMP RNAi globally disrupts chromatin and found only modest changes after CLAMP RNAi (Supplemental Fig. S3G ). Also, we performed polytene staining for the MSL3 protein after CLAMP RNAi and observed no detectable MSL3 staining, revealing that CLAMP is required for MSL complex recruitment to the entire X chromosome (Supplemental Fig. S3B ). Thus, CLAMP promotes MSL complex localization to the entire X chromosome in flies.
It was previously shown that loss of targeting of the MSL complex reduces complex stability, likely due to ubiquitylation of complex members by MSL2 (Copps et al. 1998; Villa et al. 2012) . Therefore, measuring MSL protein levels after CLAMP RNAi would not distinguish between effects on complex stability and targeting to the X chromosome. However, we previously demonstrated that CLAMP RNAi does not affect mRNA levels of MSL complex components , and CLAMP is strongly enriched at 92% of CESs ( Fig. 1; Supplemental  Fig. S1 ), suggesting that indirect effects on MSL complex stability are unlikely .
The MSL complex is highly enriched on the X chromosome compared with autosomal controls (Supplemental Fig. S3B ; Alekseyenko et al. 2008 ) but mediates at most a twofold increase in transcription. Furthermore, only a 1.4-fold decrease in expression of X-linked genes is seen after MSL2 RNAi in male SL2 cells (Hamada et al. 2005) . To determine how CLAMP regulates gene expression globally, we conducted mRNA sequencing (mRNAseq) experiments in male SL2 cells before and after CLAMP RNAi treatment. As expected for a non-sexspecific factor present on both the X chromosome and autosome (Supplemental Figs. S2, S3B), CLAMP RNAi caused changes in gene expression genome-wide. However, CLAMP RNAi caused a greater decrease in the gene expression of X-linked genes compared with autosomal genes (P < 9.1 310 À5 ), consistent with a function in MSL complex targeting. Consistent with its localization throughout the genome and enrichment on the X chromosome (Supplemental Fig. S1 ), CLAMP RNAi affects gene expression on both the X chromosome and autosomes with a bias toward X-linked genes.
In contrast to average X-linked genes, the genes that encode the roX noncoding RNA components are highly dependent on the MSL complex (Bai et al. 2004 ). Therefore, we measured the levels of roX RNAs before and after CLAMP RNAi treatment by quantitative RT-PCR (qRT-PCR) in male and female third instar larvae (Supplemental Fig. S3A ). In males, we found that roX2 levels were reduced fourfold after CLAMP RNAi, indicating that CLAMP serves as an activator of roX2 expression. In contrast, roX1 levels were largely unchanged in males after CLAMP RNAi. In females, roX1 was significantly increased after CLAMP RNAi treatment (6.5-fold), and roX2 levels remained largely unchanged. These patterns of CLAMP-mediated regulation agree with the established differential regulation of roX1 and roX2 and recent genetic evidence implicating roX2 as the first site of X identification (Meller and Rattner 2002; Bai et al. 2004; Lim and Kelley 2012) .
CLAMP is enriched on the X chromosome independent of the MSL complex Identifying CLAMP as the protein that directly recognizes MREs provides a key opportunity to reveal new insight into the process of X identification. We hypothesized that X enrichment of CLAMP independent of the MSL complex would indicate that CLAMP could function as a beacon on the X chromosome to distinguish it from autosomes.
To determine how the MSL complex regulates CLAMP occupancy, we compared CLAMP occupancy at MREs on the X chromosome and on autosomes in male cells before and after MSL2 RNAi and in female cells that lack the MSL complex. Overall, we found that the percentage of MREs occupied by CLAMP was greater on the X chromosome when compared with autosomes in both male cells (50% on X vs. 32% on autosomes) and female cells (62% on X vs. 38% on autosomes) (Supplemental Fig.  S4A-C) . Therefore, CLAMP is enriched at X-chromosome MREs compared with autosomal MREs, independent of the MSL complex.
Next, we determined how CLAMP occupancy varies in its dependence on the MSL complex at MREs within CESs. To define the total number of likely CESs for subsequent analysis, we determined how the largest class of previously characterized CESs (306 loci) (Sural et al. 2008 ) overlapped with CLAMP sites present in male cells and found 265 common sites (87% overlap). Next, we clustered these sites based on their overall binding pattern and occupancy level of CLAMP in male cells, male cells after hypomorphic MSL2 RNAi (Hamada et al. 2005) , and female cells ( Fig. 3A; see the Supplemental Material). We also plotted the average occupancy at each of these classes of CESs compared with the average CLAMP site on the X chromosome and the autosome (Fig. 3B) . In this way, three distinct classes of CESs were defined (Fig. 3A,B) . Group A: Largely MSL-dependent CESs exhibit a strongly decreased CLAMP occupancy in the absence of the MSL complex, and their occupancy in female cells is much below that of the average CLAMP site (177 sites). Group B: Partially MSL-dependent CESs, including both roX loci, exhibit higher than average levels of CLAMP occupancy in the absence of the MSL complex and further increase in their occupancy and breadth in the presence of the MSL complex (43 sites). Group C: Largely MSL-independent CESs have higher than average CLAMP occupancy in both male and female cell lines (45 sites). ChIP-qPCR was used to validate these classes in both cell culture and larvae (Supplemental Fig. S4D ).
Thus, group B and group C CESs, including both roX loci, have higher than average levels of MSL-independent CLAMP occupancy compared with group A sites, which have lower than average MSL-independent CLAMP occupancy. These data suggest that group B and group C CESs may function as beacons to promote X identification because they are occupied by CLAMP independent of the MSL complex. In addition, CLAMP associates with chromatin interdependently at group A and group B sites ( Fig. 3; Supplemental Fig. S3B,F) . Therefore, synergistic interactions between CLAMP and the MSL complex at group A and group B sites likely increase the occupancy of both factors.
To define additional common features that distinguish each subclass of CESs, we compared the following properties: the number of tandem MREs within each CES, the two-dimensional clustering of CESs along the X chromosome, and the average nucleosome occupancy in the absence of the MSL complex ( Fig. 4; Supplemental Fig.  S4 ). First, we found a strong increase in the percentage of group B and group C sites with three or more tandem MREs present within each CES locus compared with group A sites (Fig. 4A) . Second, group B sites are clustered in two dimensions along the length of the X within a 5-Mb region surrounding roX2 (P < 0.027), with the majority of sites between the roX genes (Fig. 4B ). In contrast, group A sites are uniformly distributed, and group C sites exhibit minimal clustering distal to the group B sites. Third, we examined chromatin organization at each subclass of sites in the absence of the MSL complex using publicly available female cell data sets (Supplemental Fig.  S4E ; Henikoff et al. 2009; http://www.modencode.org) . Under high-salt extraction conditions, which are likely to provide the most accurate nucleosome occupancy profiles over CESs, the decreased nucleosome density at group B and group C loci in female cells resembles that previously reported for male cells (Supplemental Fig. S4E ; Alekseyenko et al. 2012) .
In summary, the number of tandem MREs within each CES locus (Fig. 4A) , two-dimensional clustering along the length of the X chromosome (Fig. 4B) , and MSL-independent nucleosome occupancy (Supplemental Fig. S4E ) are features that distinguish subclasses of CESs and were not previously identified by analysis of the average properties of all CESs (Alekseyenko et al. 2008 (Alekseyenko et al. , 2012 . By defining three distinct subclasses of CESs, we provide a new tool for examining how the MSL complex identifies the X chromosome.
Our identification of CLAMP as the previously unknown link that tethers the MSL complex to the X chromosome supports the following mechanism for X identification ( Fig. 4C): (1) Prior to MSL complex targeting, maternally loaded CLAMP binds directly to MREs within group B and group C CESs, including roX loci, due to clustering of tandem MREs within these loci (Fig. 4A) . (2) During early embryogenesis, MSL-independent transcription of roX genes is stimulated (Kelley et al. 1997; Meller and Rattner 2002) and is likely to facilitate cotranscriptional MSL complex assembly (Lim and Kelley 2012) . CLAMP is enriched at the CESs adjacent to roX loci independent of the MSL complex and tethers the MSL complex to the X chromosome (Figs. 1-3) . (3) The MSL complex catalyzes acetylation of H4K16 (H4K16ac) (Smith et al. 2001) , thereby opening chromatin (Shogren-Knaak et al. 2006) and increasing the accessibility of MRE sequences for recognition by CLAMP. Synergistic interactions between the MSL complex and CLAMP ( Fig. 3A ; Supplemental Fig. S3B ,C,F) are likely to contribute to the high occupancy of both factors at the roX loci, followed by spreading to additional CESs ( Fig. 3A; Supplemental Figs.  S3F, S4 ). Through this proposed mechanism, we suggest that CLAMP functions together with roX RNAs to target the MSL complex to the X chromosome. The high degree of conservation of both CLAMP and MREs across Drosophila species ) suggests that they are key components of a conserved mechanism for establishing an active chromatin domain within a metazoan genome.
Materials and methods

Flies and crosses
The CLAMP RNAi fly line was obtained from the Transgenic RNAi Project (TRiP) (http://www.flyrnai.org). See the Supplemental Material for details.
ChIP from third instar larvae
For ChIP from third instar larvae, a protocol was adapted from Larschan et al. (2007) . See the Supplemental Material for details.
Cell culture and RNAi
Standard cell culture approaches were used to maintain Drosophila SL2, and Kc cells, and RNAi treatment conditions are described at http:// www.flyrnai.org. See the Supplemental Material for details.
mRNA sample preparation
For mRNA sample preparation, a protocol was adapted from Gelbart et al. (2009) . See the Supplemental Material for details.
Preparation of Illumina sequencing libraries for ChIP-seq and mRNA-seq
For preparation of Illumina sequencing libraries for ChIP-seq and mRNAseq, a protocol was adapted from Alekseyenko et al. (2008) . See the Supplemental Material for details.
Bioinformatics
See the Supplemental Material for details on bioinformatics.
In vitro protein expression for PBMs and PBM
For in vitro protein expression for PBMs and PBM, protocol was adapted from Berger et al. (2006) . See the Supplemental Material for details.
Immunostaining of polytene chromosomes
For immunostaining of polytene chromosomes, protocol was adapted from Kelley et al. (1999) . See the Supplemental Material for details. (1) CLAMP binds to MREs within group B and group C independent of the MSL complex, and roX RNAs are transcribed independent of MSL complex recruitment. (2) The MSL complex is likely to be cotranscriptionally assembled at roX loci. CLAMP tethers the MSL complex to CESs, including roX loci. The MSL complex catalyzes H4K16ac, thereby opening chromatin and increasing the accessibility of MRE sequences for CLAMP recognition. Next, increased levels of CLAMP associate with CESs and thereby recruit additional MSL complexes via synergistic interactions. (3) The MSL complex spreads to additional CESs, potentially stabilized by CLAMP, thereby initiating additional synergistic interactions.
